ABSTRACT Fluorescent products of lipid peroxidation accumulate with age in microsomal membranes from senescing cotyledons of Phaseolus wulgaris.
Disruption of cell membrane integrity is an inherent feature of senescence in plants. This is evident from ultrastructural studies showing progressive deteriorative changes in the organelles and membranes of plant tissues and also from permeability studies indicating increased leakage ofsolutes (25) . Large changes in the physical properties of membrane lipids accompanying senescence appear to contribute to this loss of selective permeability. In particular, increasing proportions of the membrane lipid assume the gel phase, resulting in a mixture of discrete liquid-crystalline and gel phase lipid domains in the membrane matrix (18) (19) (20) . For microsomal membranes from senescing bean cotyledons, the lipid phase transition temperature increases by more than 50°C between days 2 and 9 after germination under etiolating conditions (18) . By day 4 after germination, these membranes contain a mixture of gel and liquid crystalline lipid phases at the growth temperature, and this coexistence of lipid phases gives rise to discontinuities in the bilayer that result in greatly increased permeability (1) .
Recent in vitro studies indicate that gel phase lipid forms when ' Supported by a grant-in-aid from the Natural Sciences and Engi- Waterloo, Ontario N2L 3G1 Canada lipid peroxidation is induced in isolated membranes (22, 24) . In fact, several lines of evidence indicate that free radical-induced lipid peroxidation plays a role in bringing about many of the deteriorative changes associated with plant senescence. For example, increased levels of H202 and lipid peroxides have been measured in ripening fruits, and inhibition of H202 formation has been shown to delay the onset of ripening (8) . The axes of aged soybean seeds have been found to contain high levels of malondialdehyde (27) , and increased levels of oxygenated fatty acids have been observed in aged seeds of Cichorium and Crepis (26) . Fluorescent products of lipid peroxidation have been reported in pear and banana pulp as well as in a mitochondrial fraction isolated from banana, and the levels of these pigments appear to increase with natural or ethylene-induced ripening (17) . Senescing leaves also accumulate fluorescent pigments (29) , and Dhindsa et al. (5) have reported a correlation between lipid peroxidation and increased membrane permeability in senescing leaf tissue.
In the present study, we have examined the extent to which lipid peroxidation reactions can be correlated with membrane deterioration in senescing cotyledons of Phaseolus vulgaris. In particular, the time course of fluorescent pigment accumulation in lipid extracts of microsomal membranes has been compared with the temporal pattern of gel phase lipid formation in the membranes. The fluorescence intensity of lipid extracts can be used to quantitatively assess accumulated peroxidative damage (28) . The effects of senescence on the activities of enzymes that regulate levels of reactive oxygen species able to initiate lipid peroxidation and on the levels of reduced and oxidized glutathione, a cysteine-containing tripeptide thought to afford protection against oxidative stress (7) , have also been examined. Kim and Grosch (14) .
MATERIALS AND METHODS
Polyacrylamide disc gel electrophoresis of cytosol fractions for determinations of peroxidase and superoxide dismutase isoenzymes was carried out as described by Davis (4) (20, 24) . Chloroform-soluble neutral lipid extracts were isolated from smooth microsomal membranes of 9-d-old cotyledons as previously reported (20) . Smooth microsomal membranes from 2-d-old cotyledons were treated with ozone to induce the formation of chloroform-soluble neutral lipids able to convert liquid-crystalline phospholipid into the gel phase as described by Pauls and Thompson (24) . The fluorescence of these extracts was measured after treatment with UV light to minimize interference by pigments (6) . Interference by pigments was also minimized by using etiolated tissue throughout the study. The spectrofluorometer was standardized by using 0.1 mg ml-' quinine sulfate (Sigma) in 0.1 M H2SO4.
RESULTS
Fluorescence spectra oflipid extracts from smooth microsomal membranes of cotyledons at various stages of senescence are illustrated in Figure 1 . These spectra all show excitation maxima at 370 nm and emission maxima at 430 nm. The intensity of fluorescence in the membrane lipid extracts expressed on a per zmol phospholipid basis increased approximately 10-fold between day 2 and day 9 (Fig. 2) . There was also an increase in the fluorescence intensity of total lipid extracts from whole cotyledons over the same period. However, the increment was only 2-to 3-fold depending on whether fluorescence intensity was expressed on a per ,mol phospholipid, per mg lipid, or per g cotyledon basis (Table 1) , and the intensity at day 9 was only about 50% of the value observed for lipid extracts of smooth microsomal membranes (Table I ; Fig. 2 ).
Of particular significance is the finding that the accumulation of fluorescent products of lipid peroxidation in the microsomal membranes during senescence shows a close temporal correlation with the rise in lipid-phase transition temperature reflecting formation of gel phase lipid in the membranes (Fig. 2 ). This rise in transition temperature has been shown previously to be attributable to chloroform-soluble neutral lipids that are formed during free radical-mediated lipid peroxidation and are able to order membrane phospholipid into the gel phase (3, 20, 23, 24) . The transition temperature data shown in Figure described previously (20) , were virtually identical to those of the original total lipid extract for 9-d-old membrane illustrated in Figure 1 (data not shown). Moreover, these rigidifying neutral lipids are also formed in vitro during ozone-induced lipid peroxidation of isolated membranes from cotyledon tissue (24) and again have fluorescence excitation and emission spectra the same as those ofthe total lipid extract from senescent membranes (Fig.  1, inset) .
Levels of glutathione declined dramatically during senescence on both a cotyledon basis (Fig. 3) and per unit fresh or dry weight (Fig. 10) . In young 2-d-old cotyledons, the level of reduced glutathione exceeded oxidized glutathione by about 25%, but by day 4, levels of reduced glutathione were lower than levels of oxidized glutathione (Fig. 3) . In 9-d-old cotyledons, both reduced and oxidized glutathione had decreased to less than 5% of their levels in young 2-d-old tissue (Fig. 3) .
Lipoxygenase activity rose by 50% between days 2 and 4 when expressed on a per cotyledon basis, but then declined between days 4 and 7 to levels just slightly lower than those obtained for 2-d-old cotyledons (Fig. 4) . However, the activity per unit fresh weight and per unit dry weight increased between days 2 and 9 by 3-fold and 4-fold, respectively (Fig. 10) . By contrast, superoxide dismutase, an enzyme that catalyzes the dismutation of 02' to H202, declined during senescence such that the activity per cotyledon at day 9 was only 10% of that found in 2-c-old tissue (Fig. 5) . This was also reflected in decreased activities per g fresh weight and per g dry weight (Fig. 10) . Cytosol fractions contain three isoenzymes of superoxide dismutase (Fig. 6) Changes during senescence in the total activity of superoxide dismutase in cotyledons ofP. vulgaris. One unit ofactivity is that amount which inhibits nitro blue tetrazolium reduction (induced by xanthine oxidase) by 50% (2) . SE are shown by bars; n = 5. Least significant difference determined at the 5% level of significance after a one-way analysis of variance is 114.
isoenzymes appeared as achromatic bands on a blue stained background and were manifest as negative peaks in densitometer scans of the gels. Identical patterns were obtained for cytosol fractions from all ages of cotyledon. Band II, which comprised the largest proportion of the total activity (Fig. 6 ), proved to be asymmetrical and may in fact be two or more unresolved isoenzymes. The two fastest moving isoenzymes (bands I and II) were sensitive to KCN, but band III was not (Fig. 6) .
Catalase activity per cotyledon rose to day 4, then declined by day 9 to about 25% ofthat observed in young 2-d-old tissue (Fig.  7) . On a firesh weight and dry weight basis, there was little change in catalase activity between days 2 and 9 ( Fig. 10) , but between day 4 (when the activity per cotyledon had peaked; see Fig. 7 ) and day 9, the activity declined by 2.2-fold on a fresh weight basis and by 2.4-fold on a dry weight basis (data not shown). Peroxidase activity per cotyledon increased about 7-fold between days 2 and 7 before declining to a level by day 9 that was about 4-fold greater than the activity for day 2 (Fig. 8) . Age (days) FIG. 7 . Changes during senescence in the total activity of catalase in cotyledons of P. vulgaris. One unit of activity is equal to I 1d of H202 decomposed/min (30) . SE are shown by bars; n = 3-5. Least significant difference determined at the 5% level of significance after a one-way analysis of variance is 0.90. weight and dry weight basis, peroxidase activity increased by 12-fold and 17-fold, respectively, between days 2 and 9 ( Fig. 10) . Seven isoenzymes of peroxidase were detectable in cytosol fractions from the cotyledons, and one of those (labeled B in Fig. 9 ) increased dramatically with advancing senescence (Fig. 9) . In fact, based on the relative areas of absorbance peaks in the gel scans, this particular isoenzyme increased from 25% of the total peroxidase activity in 2-d-old tissue to 74% by day 9 (Table II) .
DISCUSSION
The fluorescence spectra obtained from the lipid extracts of senescent membranes and corresponding intact tissue have emission and excitation maxima that are very similar to those measured previously for compounds that accumulate with age in certain animal tissues and in vitro after induction of lipid peroxidation reactions (28) . There is good evidence that these fluorescent products are a family ofcompounds with a characteristic Schiff base structure (-N==C-4C=C-N) that is formed by the reaction of peroxidized lipids with compounds containing free (28) . Fluorescent compounds of this type have been shown to increase in ripening fruit (17) and senescing leaves (29) , and from the present study, it is clear that they also accumulate in the membranes ofsenescing bean cotyledon tissue. Moreover, the increased fluorescence of lipid extracts from senescent membranes can be interpreted as reflecting peroxidative damage since fluorescent compounds, which resemble those found in senescent membranes to the extent that they can order phospholipid into the gel phase and have identical fluorescence excitation and emission maxima, are formed during ozoneinduced lipid peroxidation of isolated membranes.
Of particular significance is the finding that the accumulation of peroxidized lipids in senescing membranes of the cotyledon correlates with a rise in the lipid phase transition temperature reflecting the formation of gel phase lipid. The presence of gel phase lipid has been documented for membranes from a number of senescing tissues (18, 19) of gel phase (23, 24) . Similarly, treatment of photosynthetic tissue with the herbicide paraquat, which short-circuits photosynthetic electron transport and facilitates the catalytic production of 02 *, induces lipid peroxidation and the parallel appearance of gel phase lipid in chloroplast and microsomal membranes (3) . The close parallel between the accumulation ofperoxidized lipids and the rise in lipid phase transition temperature supports the contention that the formation of gel phase lipid during senescence is attributable to lipid peroxidation.
Reduced glutathione functions as an antioxidant by scavenging oxidizing substances and is thought to play a role in protecting cells against oxidative damage. In addition, reduced glutathione repairs sustained oxidative damage by regenerating sulfhydryl groups from disulfide bonds through a glutathione-disulfide exchange mechanism and by participating in reactions mediated by glutathione peroxidase that reduce hydroperoxides, including lipid hydroperoxides, to alcohols (7) . The decline in the endogenous titer ofreduced glutathione to low levels in aged cotyledons presumably signifies a progressively diminishing capacity of the tissue to resist and repair oxidative damage. Measurements of the relative levels of reduced and oxidized glutathione in the bean cotyledon tissue showed a shift to the oxidized form, particularly during the early stages of senescence, which can be interpreted as reflecting an accentuated oxidative challenge to the tissue as senescence intensifies.
Lipoxygenase per unit fresh weight and per unit dry weight increased by 3-to 4-fold during senescence. Increased activities of this enzyme have been observed previously during senescence ( 11) and presumably give rise to elevated levels of lipid hydroperoxides. These compounds are potentially unstable and are susceptible to a variety of isomerization reduction or free radical cleavage and polymerization reactions that can lead to membrane damage (10) . In addition, because of declining levels of reduced glutathione, the potential capacity of the tissue to remove lipid peroxides through glutathione reductase would decrease. However, it should be noted that we were unable to detect glutathione reductase activity in cotyledon tissue of any age (data not shown), and this raises the possibility that this line ofdefense against oxidative damage is not operable in this tissue.
The capacity of the tissue to enzymically scavenge 02 also declines with age. Total superoxide dismutase activity per cotyledon falls off between days 2 and 9, and this is also reflected in dramatically reduced activities per unit fresh weight and per unit dry weight. The three isoenzymes of superoxide dismutase in this tissue have been previously identified as a Cu,Zn-enzyme (bands I and II) and a Mn-enzyme (band III) (15) . The Cu,Znenzyme is found in the cytosol of eukaryotic cells whereas the Mn form is localized in the mitochondrial matrix (9) . Since there was no change in the isoenzyme pattern during senescence, it appears that the rate of decline in superoxide dismutase activity in these two cellular compartments is very similar.
The decrease in catalase activity observed between days 4 and 9 suggests that the tissue acquires an increased load of H202 during the later stages of senescence. Decreased activity of this enzyme has been noted previously and has been correlated with the buildup of H202 (8) . This together with a presumed accumulation of 02' in the face of reduced superoxide dismutase activity would favor formation of OH, and any accumulation of this extremely potent oxidant would clearly result in free radicalmediated damage, in particular, the initiation of lipid peroxidation in membranes (21) . By contrast, peroxidase activity in the cotyledons increases with advancing senescence, particularly one of the six isoenzymes. Increases in peroxidase activity have been noted previously in senescing plant tissue (22) . A role for these elevated levels has not been identified; they may tend to ameliorate H202 accumulation, but it is conceivable that the effec- 
